Abstract
Introduction
Leishmaniasis is caused by different Leishmania species, which invade and multiply within macrophages of the skin, mucous membranes and viscera [1, 2] .
Both in vitro and in vivo experimental models have demonstrated that leishmanicidal activity in murine macrophages is mediated by reactive nitrogen intermediates especially nitric oxide (NO) [3, 4] . In macrophages, NO production is catalyzed by the enzyme inducible nitric oxide synthase (iNOS) which is produced upon in vitro activation by IFN-γ or TNF-α in the presence of LPS or by a combination of both cytokines. Various inducible and constitutive co-factors are required for full iNOS activity. These include the electron donor NADPH, FAD, FMN and tetrahydrobiopterin (Tb4) [5, 6] .
The importance of NO in leishmanicidal activity exerted by macrophages has been demonstrated by the increase in parasite load upon its inhibition with NO antagonists [7, 8] . Additionally, Leishmania (L.) major infection leads to progressive disease in mouse strains in which the gene coding for iNOS has been disrupted [9] .
In spite of the potent leishmanicidal mechanisms of macrophages, Leishmania can infect and multiply in these cells. Several mechanisms may explain the resistance of Leishmania to the macrophage defense response [10] [11] [12] . One important factor for parasite survival is that infected cells are less responsive to cytokine activation [13, 14] . Furthermore, bone marrow-derived macrophages infected in vitro with L.(L.) major did not produce cytokines such as TNF-α [15] , which could lead to suboptimal NO produc tion. Additionally, peritoneal macrophages infected in vitro with L.(L.) amazonensis [10] or L.(L.) braziliensis [16] produce TGF-, an inhibitor of NO synthesis.
It has been shown that the parasite itself has mechanisms which may interfere with NO production and thus facilitate survival inside the macrophages. Parasite molecules such as GIPLs and LPG from L.(L.) major [17, 18] can inhibit LPS-induced NO synthesis by macrophage cell lines. However, little is known of the mechanisms underlying this inhibition or how it is modulated.
In order to further explore the mechanisms by which Leishmania parasites may affect NO synthesis, we investigated in the present report the effect of L.(L.) amazonensis infection on LPS-stimulated NO production by the murine macrophage cell line J774-G8.
Materials and methods

Parasites
Promastigotes of L.(L.) amazonensis (strain MHOM/BR-88/BA-125-Leila) were maintained at 28-30°C in Schneider's Drosophila medium (Sigma Chemical Co., St. Louis, MO) supplemented with 10% heat-inactivated fetal calf serum (FCS). Parasites were cultured for 5-7 days and stationary-phase promastigotes were harvested and washed with RPMI-1640 tissue culture medium (Sigma Chemical Co.).
J774-G8 cells culture
The murine macrophage cell line J774-G8 (ATCC, Rockville, MD) was cultured in RPMI-1640 supplemented with 2 mM L-glutamine, 100 units/ml penicillin, 100 µg/ml streptomycin and 10% heat-inactivated FCS (Sigma Chemical Co.). The macrophage suspension was cultured in triplicate, either plated out in 24-well plates (2 × 10 6 cells/well) or in polypropylene tubes, and incubated with lipopolysaccharide (LPS) from Escherichia coli serotype 0111:B4 (1 µg/ml) (Sigma Chemical Co.), Leishmania (ten, five or two parasites per cell) or with a combination of LPS and Leishmania. In the latter situation, the cultures were infected for 4 h at 30°C before adding LPS. The cells were then cultured for 48 h at 37°C at 5% CO 2 and the supernatants were harvested for measurement of nitrite. Treatment with L-arginine or with Tb4 (both purchased from Sigma Chemical Co.) was started simultaneously with LPS.
Determination of nitrite concentration
Nitrite (NO 2 -) accumulation in supernatants of cultured cells was used as an indicator of NO production and was determined by the Griess reaction (detection limit: 1.56 µM) with sodium nitrite as a standard as previously described [19] . Fifty microliters of supernatants were incubated with 50 µl of the solution containing N-[naphthyl]ethylenediamine dihydrochloride (Need) (1 mg/ml), sulfanilamide (10 mg/ml), 5% phosphoric acid and distilled water for 10 min. The absorbance at 540 nm was then measured.
Assay for NO synthase activity
The macrophages were dispensed into polypropylene tubes at 3 × 10 6 cells/ml and infected with L.(L) amazonensis stationary-phase promastigotes (ten parasites per cell) for 4 h. The extracellular parasites were removed by three washing cycles with RPMI medium. The cultures were further stimulated with LPS (1 µg/ml) and incubated at 37°C. Control cultures included cells incubated only in medium, LPS or only infected with Leishmania (ten parasites per cell) for 4 h at 30°C. After 20 h, the cells were centrifuged, washed twice (6400 rpm, 5 min) in extraction buffer (HEPES 20 mM; sucrose 0.32 M; dithiothreitol 1.0 mM; leupeptin 10 µg/ml; aprotinin 2 µg/ml; pepstatin 1.0 mM and PMFS 1.0 mM) and then assayed for NO synthase activity by formation of [ 3 H]citrulline as previously described [20] . Briefly, after centrifugation, the cell pellets 
Analysis of iNOS mRNA expression by competitive RT-PCR
HPRT and iNOS transcripts were evaluated by a semiquantitative PCR using a competitive plasmid (pLOC) [21] , kindly provided by Dr Ken Gollob (UFMG, MG, Brazil), who amplified and purified this plasmid which contains the sequence of iNOS and several cytokines and was originally donated by Dr R. Locksley (University of California, San Francisco, USA). J774 cells (2 × 10 6 /ml) were cultured in polypropylene tubes with LPS (1 µg/ml) or Leishmania (10 parasites/cell) plus LPS as described above for different periods of time. Cells were collected ( 10 7 ), washed and stored at -70°C. RNA extraction was performed using Trizol (GIBCO BRL, Rockville, MD, USA); chloroform, isopropanol and ethanol were added to the RNA pellet. After centrifugation, ethanol was removed and 30 µl of 0.01% diethil pyrocarbonate (DEPC) distilled water were added.
cDNAs were obtained by reverse-transcription (RT) and amplified by the polymerase chain reaction (PCR). RNA (1-6 µg) from each sample was incubated with 1.5 µl of oligo dT12-18 at 70°C, for 10 min. After rapid cooling in ice, 10 µl of mix solution (6 µl of 5× synthesis buffer; 1.5 µl of 10 mM dNTP; 3 µl of 0.1 M DTT and 1 µl of superscript R/T II (200 U/µl) were slowly added to the samples. After incubation (10 min, room temperature), the samples were sequentially incubated for 50 min at 40°C, 5 min at 90°C and 5 min at 4°C. Samples were then rapidly centrifuged and incubated (20 min, 37°C) with 1 µl of RNAse H.
cDNA samples were amplified with purified competitor plasmid (pLOC) containing the iNOS sequences between 0.2 and 0.012 pg per reaction. The cDNA contents of the samples were equalized by determining the HPRT concentration and adjusting their concentration. After this adjustment, 5 µl of each sample were mixed with 10 µl of serially diluted competitor sequences (8, 2 and 0.5 pg/ml) and used in the PCR reaction. During this reaction, pLOC and cDNA compete for the specific iNOS primer and both are coamplified, resulting in 390-bp fragments (derived from pLOC amplification) and 306-bp fragments (derived from cDNA amplification). The HPRT primer amplified a 450-bp fragment for competitor and a 352-bp fragment for sample cDNA. PCR products originated from plasmid and sample cDNA were separated by electrophoresis in 1.5 % agarose gel stained with ethydium bromide. The relative intensity of the band originating from the sample cDNA band versus that from the competitor cDNA was then compared between different samples. The amplification with the HPRT primer was used to confirm the equalization of cDNA content. The primer sequences used were as follows: 1) for HPRT, (5'GTTGGATACAGGCCAGACTTTGTTG 3' and 5'GAGGGTAGGCTGGCCTATGGCT 3'); 2) for iNOS, (5'TGGAATGGAGACTGTCCCAG3' and 5'GGGATCT-GAATGTGATGTTTG 3').
PCR conditions were as follows: sample cDNA (10 µl) was amplified by 35 cycles (Thermocycler MJ Research Co., NJ, USA) in a solution containing 5 µl of PCR 10× buffer (100 mM Tris, pH 9.0; 500 mM KCl; 1% Triton X-100 and 15 mM MgCl 2 ), 1 µl of 10 mM dNTP, 1 µl of 5 OD sense and anti-sense primers, 0.25 µl Taq polymerase (0.25 U/reaction) and 12 µl of water. The PCR cycling conditions were: initial denaturation of 2 min (94°C), 35 cycles at 92°C for 40 s, at 65°C for 20 s and at 72°C for 40 s, followed by a final extension at 72°C for 10 min.
Cytokine assays and cytokine and anti-cytokine treatment
TNF-α, IL-12 (p40), IL-10 and IL-4 were quantified by sandwich ELISA assays using pairs of antibodies and standards purchased from Pharmingen, San Diego, CA, USA. TGF-was quantified by a biological assay using CCL64 cells as targets [22] . Treatment of the cultures with mouse rIFN-γ (R & D Systems, Minneapolis, MN, USA) was carried out by adding this cytokine together with the LPS stimulus. In some experiments, the cultures were treated with neutralizing Abs to IL-10 (2 A 5), IL-4 (11 B 11) or TGF-(1D11-16); all were used at 20 µg/ml, a dose that was found to be highly effective at neutralizing cytokine production in culture [23] .
Data analysis
Results are expressed as the arithmetic mean of triplicates accompanied by the respective standard deviation. Means of control and experimental groups were compared by Student's t-test. Comparisons of multiple groups were performed by ANOVA and Bonferroni's test. Differences were considered to be significant when P < 0.05. Statistical analysis was performed using Graph Pad Instat, version 2.04a.
Results
Infection of macrophages with L.(L.) amazonensis suppresses iNOS activity and NO synthesis by in vitro cultured macrophages
Activation of J774-G8 cells by LPS led to increased production of nitrite in the culture medium (Fig. 1) . However, when the cells had been infected with Leishmania promastigotes at a ratio of 10 parasites/cell for 4 h prior to LPS activation, a marked reduction in nitrite production was observed in culture supernatants. Reduction in nitrite production was also observed at lower parasite/cell ratios. (Fig.  1) . Exposure of J774-G8 cells only to Leishmania promastigotes resulted in nitrite production levels similar to those obtained in unstimulated cells.
We further looked at the expression of iNOS enzymatic activity by infected and non-infected J774-G8 cells in relation to nitrite production levels. These cells, when cultured for 20 h without stimulation, expressed iNOS activity, but the corresponding nitrite concentrations in the supernatants were quite low (4.8 µM) (Fig. 2A vs. 2B) . LPS-stimulated cultures showed a 48% increase in iNOS activity ( Fig. 2A) accompanied by a three-fold increase in nitrite levels (Fig. 2B ) when compared to unstimulated cells. Cells that were infected with Leishmania prior to LPS stimulation showed a marked reduction in iNOS activity ( Fig. 2A) , which was also reflected in a marked decrease in nitrite production in the cultures as compared to LPSstimulated cells. Infection of the cultures with Leishmania resulted in approximately 70% reduction in enzyme activity ( Fig. 2A ) compared to unstimulated cultures with similar nitrite production levels (Fig. 2B) . Absence of NADPH in the quantification assay abrogated enzyme activity, confirming that detected activity was due to iNOS (data not shown). Taken together, these results indicate that Leishmania infection interferes with iNOS enzyme activity in J774-G8 cells and prevents the LPS-induced increases in enzymatic activity and corresponding NO synthesis.
Leishmania-mediated suppression of iNOS activity and NO synthesis is not accompanied by a reduction in iNOS mRNA expression levels and is not reversed by supplementation with L-arginine or with Tb4
Reduction in iNOS activity may occur by inhibition of iNOS mRNA expression or by other mechanisms mediated by co-factor and substrate availability. Expression of iNOS mRNA was analyzed by semi-quantitative competitive RT-PCR. Leishmania infection of J774-G8 cells did not decrease the expression of iNOS mRNA 6 h after LPS stimulation, as iNOS mRNA was expressed at similar concentrations in LPS-stimulated cells as in infected and LPS-stimulated ones (Fig. 3) . NO production by murine macrophages is dependent on the availability of L-arginine and Tb4 which act as substrate and co-factors for iNOS. One possibility to explain the reduced iNOS activity and NO production in Leishmania-infected cells that, however, was not accompanied by reduced mRNA levels, could be insufficient amounts of those co-factors. Supplementing the cultures with L-arginine (up to 4 mM concentrations) or 
(L.) amazonensis and stimulated with LPS (1 µg/ml) (B). Control cells were stimulated only with LPS (A)
. Six hours after LPS activation, the cultured cells were analyzed for iNOS mRNA expression by RT-PCR. iNOS mRNA was amplified by RT-PCR in the presence of the competitor plasmid. The iNOS primer amplified a 390-bp fragment for the competitor (superior bands) and a 306-bp fragment for the sample cDNA (inferior bands) [8 pg/ml (1), 2 pg/ml (2) and 0.5 pg/ml (3) of competitor plasmid]. Note that the sample cDNA is amplified similarly in A and B in relation to the amplification of the competitor plasmid; equivalence is reached for iNOS mRNA in both A and B at 2 pg/ml of the competitor plasmid. 
Leishmania-mediated suppression of NO synthesis can be modulated by cytokines
As IFN-γ plays a major role in iNOS activation, we investigated whether treatment with recombinant IFN-γ could increase NO production by J774-G8 cells infected with Leishmania. Addition of rIFN-γ to the cultures at 50 or 100 U/ml moderately increased NO production by LPSstimulated cells and practically restored NO production levels in the cultures that were infected with the parasites prior to LPS stimulation (Fig. 4) . The increase in NO synthesis stimulated by rIFN-γ was not due to suppression of TGF-or IL-10 production (data not shown).
In the course of these experiments, IL-12 production levels were also measured in LPS-stimulated and in Leishmania-infected LPS-stimulated cultures. It was found that while the former produced IL-12 (p40) in the order of 644 pg/ml, in the latter condition this cytokine was below detection levels, suggesting that suppression of NO synthesis by parasitism is paralleled by a suppression of the IL-12 response to LPS stimulation. Addition of rIL-12 either alone or in combination with IFN-γ did not further enhance NO production (data not shown). In contrast to IL-12, synthesis of TNF-γ to LPS stimulation was not inhibited by previous infection of the cells with Leishmania (data not shown).
Discussion
Survival of Leishmania inside monocytes and macrophages depends on their ability to evade cytotoxic mechanisms exhibited by these cells. We found that infection of unprimed J774-G8 murine macrophages with L.(L.) amazonensis led to inhibition of iNOS activity and NO production when the cells were further stimulated with LPS. As NO constitutes a major effector molecule in the destruction of intracellular Leishmania by murine macrophages, our findings suggest that interference with the ability to synthesize NO may constitute an important evasion mechanism for the parasite.
Inhibition of NO production by macrophages is not restricted to Leishmania infection, as it has been described as a potential evasion mechanism by other intracellular pathogens. Trypanosoma cruzi trypomastigotes cultured with cytokine-activated resident peritoneal macrophages leads to decreased NO production [24] . Infection of activated alveolar macrophages by Mycobacterium bovis BCG [25] or of peritoneal macrophages with Cryptococcus neoformans [26] also results in suppressed NO production.
Little is known about the mechanisms that underlie the inhibition of NO synthesis by the pathogens or their products. Infection with live parasites is not an absolute requirement because parasite molecules such as GIPLs or LPG extracted from L. major were also found to inhibit NO synthesis [17, 18] . Our own observations indicate that heatkilled L. amazonensis, but not an antigenic extract of these parasites, is also capable of inhibiting NO production (unpublished observations). An LPG-associated molecule of L.(L.) donovani, kinetoplastid membrane protein-11, has been described to contain at position 45, a structural analogue of N G -monomethyl-L-arginine, a well-known inhibitor of NO synthesis that acts by competing with L-arginine [27] . This could be a mechanism by which NO production by macrophages is downregulated in this species of Leishmania. However, a similar mechanism is unlikely to be occurring in our model, as supplementation with L-arginine failed to increase NO production levels.
Our results show that NO downmodulation in LPSstimulated and infected cells is caused by inhibition of the enzyme (iNOS) activity and that there is no reduction in iNOS mRNA expression at 6 h after LPS stimulation in Leishmania-infected cultures compared with uninfected cultures. When tested later (18 h), iNOS mRNA was partially degraded and precluded quantification analysis. Indeed, it has been shown that iNOS mRNA is only transiently elevated after LPS or cytokine stimulation reaching a maximum 3-6 h after stimulation and then suffers a quick breakdown, returning to baseline levels over the next 20 h; degradation of the message could be inhibited by protein synthesis inhibitors [28] .
Transcription of the iNOS gene occurs following LPS activation of TNF-α and IFN-genes in macrophages [29] . In addition, we did not observe a decrease in TNF-α ) amazonensis (ten parasites/cell) were washed, LPSactivated and treated or not with rIFN-γ (50 and 100 U/ml). Uninfected-LPS activated cultures were also treated with rIFN-γ. Forty-eight hours later, supernatants were collected and nitrite concentrations were measured. * P < 0.05 infected and rIFN-γ-treated LPS-activated vs. similarly infected and LPS-activated cultures that were not treated with the cytokine. Representative of three experiments.
production in infected and LPS-stimulated J774-G8 cells.
Results from infected and LPS-activated peritoneal cells also indicate that there is no reduction in IFN type I production levels in spite of inhibition of NO synthesis (unpublished results) .
Taken together our results suggest that infection by L.(L.) amazonensis may interfere with post-transcriptional events during cellular activation by LPS. Induction of iNOS mRNA is post-transcriptionally downregulated by IL-4, IL-10 and TGF- [3, 30, 31] . Negative effects on NO synthesis by these cytokines were discarded because specific monoclonal antibodies reactive against these molecules did not upregulate NO levels and there were no significant differences in the levels of these cytokines between LPSactivated cells and LPS-activated and infected cells (data not shown).
Besides cytokines that modulate transcription and stability of iNOS mRNA, the activity of iNOS and the rates of NO synthesis are regulated by co-factors such as L-arginine and Tb4. L-arginine is the substrate for catalytic activity of iNOS for NO synthesis and this amino acid and Tb4 are important for homodimerization of iNOS and rate-limiting of its activity [32, 33] . As oxidation by catalase or loss of Tb4 activity are reported to be causes of decreased iNOS activity [33, 34] , we supplemented the medium of infected LPS-stimulated cells with Tb4. However, there was no increase in NO production, suggesting that reduction in NO synthesis cannot be ascribed to Tb4 limitation. Regarding L-arginine availability, arginase production by LPSactivated macrophages [35] and/or by Leishmania [36] could putatively degrade L-arginine. Yet, supplementation of the culture medium with this amino acid also failed to restore NO production by Leishmania-infected cells. Nevertheless, inhibition of NO production by L.(L.) enriettiiinfected macrophages was reverted by L-arginine addition (4 mM) to the culture medium [37] . Our results suggest that iNOS enzyme activity inhibition in L.(L.) amazonensisinfected and LPS-stimulated cells is not caused by low concentrations of these molecules, particularly because in enzymatic activity assays all co-factors and substrate are available. However, it cannot be ruled out that Leishmania infection may cause modifications in the intracellular transport of L-arginine that would impair its access to the organelles that synthesize NO [3] . Alternatively, Leishmania molecules could interfere with iNOS dimerization, with consequent reduction in co-factor association. Detailed studies have demonstrated that only dimeric, active iNOS displays sites for Tb4 association [5] .
Suppressed NO synthesis by infected and LPS-stimulated J774-G8 cells could be overcome by stimulation of the cultures with rIFN-γ. This cytokine is produced by activated T or NK cells, and together with LPS or with TNF-α, is a major macrophage activator and inducer of iNOS transcription [3] . The results suggest that activation by rIFN-γ together with LPS is capable of overriding whichever mechanisms Leishmania uses to suppress NO in macrophages. Effective activation of macrophages to NO production and parasiticidal effect depends on the balance of macrophage-activating and -deactivating cytokines produced by the immune response. Thus, suppression of NO synthesis may provide an initial escape mechanism enabling L. amazonensis to infect the macrophage, but the ultimate fate of the parasites will depend on the cytokines produced during the innate and acquired immune responses.
